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ABSTRACT

This paper considers the process of upper atmosphere heating
by the wave and corpuscular ionizing radiation. Examination of the
photochemical processes in the upper atmosphere allows judging about
the distribution within it of temperature as a function of altitude.
It is shown that about 40 percent of ionizing radiation energy passes
to heat upon absorption in the atmosphere. The daytime ionizing radia=-
tion flux, estimated according to data on atmosphere heating, is of
3 to 12 erg/cma sec.

The distribution of temperature with the altitude is computed
in the night ionosphere. It is shown that the nighttime heating of
the uprer atmosphere may be induced by electirons with energy exceeding
100 eV, whose flux is ~ 0.4 — 1.6 erg/cm® sec. It is found that in
nighttime the temperature is ~ 700°K at 200 km, and ~1130°K at 350 km.

*
* *

Data on the motion of the Earth'!s artificial satellites point
to the dependence of upper atmosphere density on the time of the day
[1 -~ 3], on solar [4] and on geomagnetic activity [5]. In other words
it may considered as demonstrated that the density of the upper atmo-
sphere is function of the magnitude of the ionizing flux of solar

corpuscular radiation absorbed in the upper atmosphere.

* TONIZUYUSHCHEYE IZLUCHENIYE I RAZOGREV VERKHNEY ATMOSFERY.



This can be understood, if we take into account that the
dégree of ionization of atmosphere components at various altitudes,
which depends directly on the flux of ionizing radiation, plays a
substantial role in the formation of upper atmosphere's temperature
regime. That of the ionosphere was lately analyzed by a series of
authors [6 — 8]. In all these works the degree of heating was compu-
ted on the basis of data on density of the upper atmosphere, on the
intensity of ionizing radiation and on the azbsorption cross sections
of the latter by various gas components of the ionosphere. However,
the present-day knowledge of photochemical processes in the ionosphere,
taking place under the effect of ionizing radiation, provides the possi-
bility to judge about the amount of the latter, necessary to sustain
the given ionization level, originating from such fundamental charac-
teristics of the ionosphere as for example the distribution of elec-
tron concentration and of the effective recombination coefficient in
height.

It will be shown below, that the degree of upper atmosphere
ionization exerts an effect on the degree of its heating, which points
to a deep connection between the elementary processes taking place in

the ionosphere and its thermal regime.

At present, the results of study of ion composition of the
upper atmosphere with the aid of rockets and AES, may e explained,
considering that the formation of atomic ions is the direct result
of ionizing radistion's interaction with the upper atmosphere compo-
nents, and that the neutralization of the ionized components of the
upper atmosphere takes place by the dissociative reccmbination reac-
tions of molecular ions. There lay between these two processes the
intermediate processes of molecular ion formation, which take place
by ion~exchange reactions of atomic ions with neutral molecules. The
dissociative recombination reactions are nore effective than the direct
recombination of atomic ions, for their velocities are by 4 — 6 orders
greéter (as a function of height) than the rates of recombination of

atomic ions [10].



Therefore, in the stationary case, the number of events of
ionization in a certain volume is compensated by the number of disso-

ciative recombination events of molecular ions according to the reaction
XY+ + e —» X' + ¥ + E,

The recombination rate at a certain level in the ionosphere is
given in this case by the expression ¢ = o nze, where o' = c:tl«!"'/ne
e 1s the

electron concentration, M* 4is the concentration of molecular ions,

is the effective recombination coefficient at that level, n

@ is the rate of dissociative recombination reactions of molecular

dions,

The role of charge particle scattering in the distribution of
ions in height is not taken into account in the work, and it is assu-
med that the ion-exchange reactions and the recombination of molecular
ions take place at the same heightcs as the ionization does. It is un-
derstandable, that in equilibrium cases, the recombination reaction
rate's magnitude is in this case equal to that of the ionization are

at the given ‘level,

If we admit after [11], that the energy consumed for the for-
mation of a pair of ions at ionization by Sun's ultraviolet radiation,
constitutes as an average 320eV, the quantity 4.8 «10-1l & n2e ergs
is the energy of ionizing radistion absorbed in a unit of time in a

unit of volume at a certain level in the ionosphere.

Obviously, a specific distribution of electron concentration

in height n, = n_(h) may be sustained by a radietion, whose flux

I (erg/cﬁabsec'l) is equal at vertical incidence to
‘ ' o]
I =4,8.10" X o/'n? dh.
4]
It is possible to compute the distribution of temperature for

various valuec of I. To that effect, the heat conductivity equation

E= —Aograd T, (1



must be resolved simultaneously. Here E is the thermal energy flux

2 gec™t; lo ie the heat conductivity factor at a

1

expressed in erg/cm”
certain fixed level expressed in erg co~l sec” , and the equation of

flux' continuity is
C aTr T
vP(h) 5 (A, 1)+ divE = N (b, t), @)

where § is the density; T is the lemperature; t - the time ; N(h, t)
ir the thermzl energy bszlence per unit of volume at a certain level h.
The liberation of thermal energy, i.e, the positive part of the heat
balance, _will-.be definitely lower according to the degree of upper atmo-

sphere ionization,

Two variants of the heat conductivity factor have been proposed-
by Nicolet [71:

A=23,6-102T" A=128.1027T", 3)

Formulas (3) are given for a monoatomic gas and for a gas, cone~
sisting only of diatomic molecules respectively. Obviously, the values
of M\ for a concrete height must be written taking into account the
correlation of atomic and rmolecular components at that height. Nicolet
has also shown, that if instead of temperature we introduced a certain
temperature paraméter e

T~ Tih
T;/’ 4 (4)

Cﬁl (&

p A
6=130de==-

where M\, and T, are the values of the heat conductivity factor and the
temperature at a certsin fixed level of the atmosphere, the system of
equations (1) and (2) could be transformed in a one-dimensional station-
ary cacse into an equaticn of the form

a*9 N (h) \

a=t o =0 ()
where. Ay is the velue of the factor at ']3]’/2 in formulas (3) at a certain
height h.



Therefore, if we determine the thermal energy balance at a

‘:fvolume, we may resolve the eguation (5)

certain height h in a unit
relative to € and, utilizing formula (4), pass to distribution of
temperatures in height, That is why we shall discuss below the question

of heat inflow and outflow in a certain volume of the upper atmosphere.

It should be taken into account that not all the energy of
ionizing radistion is consumed in the hesting of the upper atmosphere.
Nicolet [7, 12, 13] estimates, that the value of thermsl efficiency
veries from 25% at ionization by radietion with 584 £ wavelength to
60% when the ionization takes place at 304 A wavelength., According
to Hanson and Johnson estimates [14], 15 to 30% of energy of ionizing
radiation pass to heat. Hunt and Van Zandt [8] fix this value between
6 and 50%. Because of the essential uncertainty of these values, we
shall strive to provide a ceratin average estimate of the magnitude
thermal efficiency, starting from the consideration. of photochemical
reactions taking place in the upper atmosphere. Let us note that this
value probably depends on the height of the level considered, but it
is, however, very diificult to estimate it at the present time. We
shall thus consider our average estimate as true for all the considered
heights, and the much the more so, since the error at the expense of
such a simplification should not be great, as suggested in 211 probabi-
1ity in reference [8].

As aslresdy pointed out, the basic processes of atomic ion tran-

sition into molecular ions are apparently the ion-exchange reactions
0*4N;—>NO*+N, O*40,—0} +0, N*4Ny—>Nj+N.

The subsequent dissociative recowbination of ions NO, O; aad N}

NO* 4+ e— N’ 4- 0" + AE, (6a)
0;+e—0'+ 0"+ AE,| (66)
Nj +e— N+ N AE (68)

leads to vanishing of molecular ions and to the appezrance of N and O



atoms, whose kinetic energy is the direct thermal ener:u, This kinetic

energy AE may be found from the equation

Jo=B(X)+ B(Y)+ D(XY)+ AE, (7
where Jg is the iorization potential of molecular ions, standing in
the left~hand part of ecuations (6); B(X) and B(Y) is the energy of
the excited atom levels, having formed as a result of dissociative recom-
bination; D (X, Y) is the dissocistion energy of the corresponding mole-
cule. It follows from the equation (7). that the greatest energy value
in reactions (6a)— (68), is respectively 2.5, 7.1 and 5.84 eV, if
the atoms O and N are at their basic levels P and "s, and if we
estimate the energy of molecules' NO and N, dissociation as equal to
6.48 and 9.76 eV respectively [15]. The least values of energy will
constitute 0,14, 0,94, and -~ 0,14 eV, if the atoms O and N are
at the 7P and 2D levels in the reactions (6a), at the D and 18
levels in the reaction (68). The number - 0,14 eV means that even
absorption of thermal energy of the medium can tzke place at dissocia-
tive recombination of the Na"' ion, if the formed atoms of nitrogen are
situated at the 2
the electron temperature in the F-layer is so high [14], that there is

P and. 2D levels. Such reaction is possible, since

a sufficient number of electrons with energy of O.lheV,

In estimating the "thermal efficiency" of ionizing radiation
it is necessary to take into account the possible yield of B (X) + B(;I)
energy to heating, this energy being #tored in the excited oxygen and
nitrogen atoms. In the case when the product of reactions (6) are found
at their own bsasic lex‘rels, this energy is evidently zero., In another
case this energy constitutes in reactions (6) respectively 2.38, 6.16
and 6eV,

If as a result of recombination processes n* (0) excited atoms

were formed per unit of time in a unit of volume, the quantity (number)
of atoms, losing the excitation energy to radiation, n*' (0) will be



so0 much the smaller, that the probability of their thermal collision
with other atoms is greater, The remaining atoms will lose energy in
these collisions, i.,e., it will go to atmosphere heating

) =n0) (1+ %),

where €9n is the probability of collision; & is the collision's deagti-
vation cross section; ¥ is the mean velocity of particles; A is the'
possibility of spontaneous transition; n — the concentration of particles.

An orientation computation of the quantity oovn/A,can for example
be made for oxjgen atoms situated in the state 1D. For 0~ O collisions
® = 1.6 1015 ¢ca®; A = 7.3 -10~3 sec™! according to [15]; is cale
culated by the formula KT = ]/3 mv2; the values of n and T are taken
from the atmosphere model of [161].

Calculation shows that the value owm/A ~6—7, is already reach~-
ed at 400 km, and at 350 km it is ~ 19 — 20. Therefore, the overwhelm-
ing part of excited atoms fail to de-excite practically in the whole
ionosphere, and transfer their energy to heat.

It must be noted, that as & result of the ionization process
a photoelectron is formed, its energy being significant. For e;&ample,
at upper atmosphere ionization by quanta with 40 eV energy (HE II 304 3),
the photoelectron may have an energy of ~ 26 — 27 eV and yet produce
a single ionization event. One may assume at oriented computations, that
the residual energy, which is near 30% of that of the ionizing quantum,
will be expended mainly on the excitation of thé 1p 1evel of the atomic
ox ygen, on account of the great excitation cross section of that level
with electrons of 4 =15 eV energy, and of predomination of atomic

oxygen at great heigths, i. e. according to the above-expounded, it will
surrender it to heating.

In short, it may be said that if the mean energy expended on the
formation of one pair of ions is 30 eV at ionization by W-radigtion,
a value of the order of 12,5 17 eV, or 40 60% of that energy will go
to heating.



Since according to Danilov [9], the absolute concentration of
the ions NOT in the 200 — LOO km altitude range is 4 — 10 times greater
than that of 0"'2 ions, and is greatly exceeding that of N+2 ions, the
reaction (6a) will be more effective insofar as the energy liberation
is concerned. That is why the value of the "thermal efficiency", which
we shall denote by the symbol %, will be near L40%. Thus one may state
that the liberation of thermal energy in a certain volume of the iono-
sphere will be expressed as the quantity of energy of ionizing radiation
absorbed in the given volume and multiplied by the '"thermal efficiency"
say 59' 4,8 « 10711 v n'e2 erg/cm3 sec,

Aside from heat conductivity, the energy loss by a certain volume
of the ionoschere takes place mainly at the expense of infrared radiation
of atomic oxygen by the reaction indicated by Bates [17]:

O(PPy)—> O (*Py) + hv (A = 63 micten).
The heat loss in this process is

*

1,68.10"¥®exp (— 228/T)

3
L =n(0) T355ep (= 208T) + 0.Zexp (—325,37T) e¥&/cu” sec ®)

Therefore, the quantity N (h) erg/cm® sec¢ in the equation (5)
will be expressed by

N (h) = (B-4,8-10a/n? — L).. 9)

In order to determine the numerical value of N(h), it is necessa-
ry to assign oneself by a certain distribution in height of the quanti-
ties «'n, and n (0). The question of contemporary state of knowledge
concerning the altitude course of the quantity a' was discussed at length
in reference [18]. Apparently, the experimentsl data obtained from mea~-
surements of n, veriations in the ionosphere during solar eclipse time,
during ionospheric disturbances, in the course of a day etc...lare most

relizble in this regard,

. The valﬁes of o' at various heights, borrowed from that reference,

are compiled in the second column of Table 1 (next page). Data on the



altitude course of n, in the deytime ionosphere, measured with the

help of rockets and artificial satellites,

TABLE 1
and whose compilation is given in ref,[19],
are brought up in the third column of Height g, 1 n
Table 1. km lcm“sec en™
Unfortunately, there currently are 200 3 o %:%9;00
. 350 | 3.10710 1,4-10°
very few 8ata on direct measurements of 300 5._18—10 1,5.108
: 250 3.10-9 1.108
atomic oxygen distribution in the upper 200 2,5.10-¢ 4108
. 180 3-10-8 3.108
atmosphere., Ve might point, for example, . 160 41078 2.108
[20) sns | s L
to the works by Pokhunkov an 100 2'3.10-8 1008
Hineteregger [21]. Some data on the dis-

tribution of atomic oxygen sare given in

the work by Byram and al [22], who measured the distribution of mole-
cular oxygen to 180 km height by a photometric method. Estimating that
oxygen mass in a certain volume of gas is to these heights 20% of .the
mass of the total volume, we estimate, using the data of [22] on molecu-

lar oxygen, the atomic oxygen content to 180 km, using the equation
m (2 [0,] + [0} = £, (10)

where m, is the mass of the oxygen atom, [02] and [0l are respectively

the concentration of the molecular and atomic oxygen, Y is the density.

We compiled in Table 2 the data on

Alt. n (0), cx=t
< xm atomic oxygen concentration computed by the
10) {201 2y |
— equation (10), with the density borrowed
100 — | 6,8.101t | ‘6.101
0 | 4.d0n | 2.q0n | 4,8.40n from [16], the Pokhunkov data [20] and the
i Lk e 220
— ,86- ,3-1010 dat ined mn curve b
160|560 | o100 | 279100 ata obtain from the v ro_ught out by
180 [4,2.10° | 3,2:10° | 1,5.10% Hinteregger [21].

As may be seen from Table 2, the
TABLE 2 R
data from [20] do not differ much from the
orientation estimate, and in the 100~ 110 km
range - from the data of [21].

At heights above 110 km, the discrepancy between the data of [20]
and [21] increases, and reaches a factor of the order of 5 at 180 km.,



10.

However, Hinteregger himself recommends to exercise great care in

using the curve brought up, which, as he writes, constitutes only an
illustration of the method, and not a documentary material. stides,
Hinteregger points to the fact that the trye concentrations of atomic
oxygen might probably be below those he brought up. Taking all the above
into account, we admitted for our computations the experimental data on
atomic oxygen distribution of Pokhunkov [20]. Let us remark, that these
data may have an uncertainty of the order of & factor of 2, which natural-
ly may lead to an error in the estimate of temperature at any level.

The magnitude of that error will be brought up below.

As may be seen from formula (8), the quantity L (h) depends on
the distribution n (0) much more than on thet of temperature, and that
is why temperature data of [20] can be taken as a first approximation

when computing L (h), We shall rewrite the exiivocion (9)

N (hy=pP (h) — L (b, P (1) = 4,8-10~Ma'n?. (i1
The values of L and P for the daytime ionosphere','computed

according to data of Table 1, using formulas (8) and (11) are compiled

in Table 3, - This Table clearly shows —5 Tﬂ&i‘;'
HEIGHT, Km|

h the beration the ener

that libera of thermal energy Zﬁ fgﬁg:

in the daytime ionosphere to 140 km ggg ‘E:g:i?;i

exceeds the outflow at the expense of 250 1:5,10:: <1,5-10-

the microweve radiation of atomic oxy- ' ﬂﬁ kgqu %gqu

408 1109

gen, which, above 200 km can be altoge- }28 &§j8a. i§404
) - 120 4,5-40-8 4,8.1078

ther neglected. -~ 100 3.10-8 3,3-10~7

The equation (5) is resolved st the following boundéry conditions:
we estimate that at 1000 km height there are no thermal fluxes of any
kind, i.e. that '

de _
’?—h-lh=1000mu——0'
Considering that at the "zero™ level, i.e., in our case at 100 km,
the temperature is fixed and equal to Ty, we evidently obtain

e} 4100 km =0
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Ve admit Tp at 100 km level 8s being equal to 212° K [16].
Approximating the function N (h)/ Ay Tolé frox the equation (5) by a
.certain function of h, we resolve the equation (5) relative to € at
bseveral values of P.. The temperature distribution with height will be
obtained frox formula (4) by utilizing the computed values of 6 ., The
values of temperature computed for various P are plotted in the grzph
Fig. 1l hereafter. ¢

If we take the standard tempera-
T'KL B
2N

ture distribution with height for diurnal

conditions according to [16] (dashes in

2000 Fig.1l), it can be seen that the best con-

. 1500 cordance with the computed curves will be.

obtained for Pa.o.h, i,e. our ideas about

the "thermal efficiency" resulted general-

ly correct.,

b (6T 20T, TG STk
When determining the flux of ioni-

Fig.1 zing radiation corresponding to temperatu-
re distribution with height computed for

p= 0.4, it is necessary to take into
account that the data on electron concentration, brought up in Table 1,
are averaged rceults of measurements on rockets and satellites, carried
out at secZ = 2, where Z is the zenithal angle of the Sun. This means
thet the flux of ionizing radiation, inducing a normal heating of the
atmosphere corresponding to contemporary models, must constitute at verti-

cal incidence

[o.+]
4,8.10 sec Z \ o' n2dh = 5,8 erglom*sec. (12)

[}

We may further conclude, that at p= C.4, the curves I, II,III,
Iv, V, VI correspond to temperature distributions that would take place
at fluxes of ionizing radiation, respectively equal to 14,5, 10.8, 7.2,
5.8, 5.0 and 3.6 erg/cm‘2 sec. The precision of the calculation of the

flux of ionizing radiation, causing either atmosphere heating, depends



12,

mainly on the precision in the determination of the quantity o', It

was shown by Danilov and Ivénov-Kholodnyy (23], that the uncertainty
of the:knowledge of the gquantity &' may lie within the limits of a

factor of 2. This means that the flux of ionizing radiation, defined

by formula (12), may lie within the bounds of 3 12 erg/cm® sec,

Let us pass now to the computation of the distribution of tem-
perasture with height in the night ionosphere.

The existence of night ionization in the upper atmosphere layers,
the dependence of electron concentration on geomagnetic latitude, the
existence of local regions of increased ionization and numerous others
features, point to the fact, that besides Sun's ultraviolet radiation
there exists another source of ionizing radiation, whose effect does
not cease at night, and which apparently has no connection with the Sun.
A corpuscular hypothesis was brought forth in [24] in regard to night
ionosphere ionization, according to which this ionization is induced by
a flux of soft electrons with energies ranging from 100 to 5000 eV.

On the basis of the data on the night ionosphere, the spectrum and the

flux of these electrons was computed. It was found that the flux is of

~1 erg/cm2 sec, Similarly as was done for the daytime ionosphere, we

corputed the distribution of temperzture with height in the night iono-
sphere, Contrary to daytime ionosvhere, the mean energy expended on the
formation of a pair of ions at irradiation by electron flux with 100 =
5000 eV energy, should be taken egual to ~ 50 eV,

The distribution of the values of &' and ng with height in the
night ionosphere is coupiled in Table 4 [next pagel. The distribution
bf elettron Qoncentration with height at nighttime in the 80~ 200 km
is given in the works [25, 26], and above 200 km — in [27]. The values
of o' for the night are computed from the daytime values, taking into
account the daily variation of density and electron concentration. Such
method is expounded in [28]. The values of P were computed from these
values of «' and ng acceding to formula

P = 8«10 11 g ng e:u:'g‘/cm2 sec.
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The values of L in the night ionosphere are evidently identi-
cal to those in daytime ionosphere. The temperature values, computed
for the night ionosphere by an identical method to that for the daytime
_ionosphere are compiled in the last column of Table &k,

TABLE &

Height «! Ne I'p erg | Lerg
| o

km |omisedl| om>> emdsec |cmdsec |t K
500 3.40-10 3,408 2,2.10-° 1190
400 8.10-10 5.105 1,6-10-8 1 1160
350 9.10-10 7.408 204108 1430
300 1,210~ 5.408 3)5.10- 1070
250 5.10- 4408 6.4-10" | <1,5.10 | 955
200 410 7.404 1.5.10-8 1,5.10-° | 702
180 4,5-10-8 2,100 10440 | 206.40~° |. 606 .
160 51108 1.108 410-10 5.0~ | 507
140 5,5.108 8.108 2 8407 | 1,3.10-8 | 400
120 6.3.10-8 7.408 2'4.40-0 | 4.8.408 | 200
100 6.3-10-8 4108 8.10°1t | 3.3.407 | 212

The precision in the calculation of temperature distribution
with height in the night and daytime ionosphere depends on the exacti-
tude of the initial data on the distribution with height of atomic oxy-
gen. This dependence is particularly great at computations of tempera-
ture distribution with height in the night ionosphere to 180 km, where
the infrared emission of atomic oxygen is essential in the heat balance
of a volume at a certain level of the ionosphere., As pointed out above,
the data on atomic oxygen concentration, brought up in [20], may vary
within the bounds of the factor of 2. The greatest errors in the compu-
tations of temperature, due to this uncertainty, may take place at
night ionosphere levels to 180 kn. '

Computations show that if the concentration of atomic oxygen
varies by a factor of 2, the errors in the distribution of temperature
reach 24.5% at the 120 km level, and respectively 22.0%,16% and 12.5%
at 140, 150 and 180 km. At 200 km and above, where the atomic oxygen
emission can be neglected, the aboslute error remains constant at -~ 12%
of the temperature value at 180 km, and the relative error decreases



1%,

accordingly to ~~ 6% at the 500 km level.

In order to sustain the ionization and the heating of the
night ionosphere to the same degree as follows from Table 4, a soft
electron flux

8 lO'“San dh=10,8 erg/cm sec

[}

is recuired. Taking into account that the uncertainty of the knowledge
of the values of «' is of the order of the factor of 2, we may estimate
that this flux lies within the bounds of O.k — 1.6 erg/cm® sec.

The computed temperature curves, agreeing with the data on upper
atmosphere temperature available to us at the present time, point to
the very great importance of a more extensive study of wave and corpu-
cylar ionizing radiation in the upper atmosphere, including the photo-
chemical processes therein, for they play a very important part in the
process of ionoéphere heating, |

The authors are indebted to G. S, Ivanov~Kholodnyy for his

constant interest and valuzble counsel in the course of this work.
xkxx THE END »+xx%
Translated by ANDRE L., BRICHANT

under GContract No., NAS~5-2078
6 January 1963.
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